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T-bet Regulates the Terminal Maturation
and Homeostasis of NK and V14i NKT Cells
commitment and maturation, there is currently little
known about the precise molecular events that occur.
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ducing IL-15 are critical for NK cell development and
homeostasis (Kennedy et al., 2000; Ranson et al.,
Natural killer (NK) and CD1d-restricted V14i natural
2003b). Other critical factors in the microenvironment
killer T (NKT) cells play a critical early role in host de-
include IL-7 and cell-cell contact between BM stromal
fense. Here we show that mice with a targeted deletion
cells and developing NK cells via lymphotoxin receptors
of T-bet, a T-box transcription factor required for Th1
and cell surface lymphotoxin, respectively (Colucci et
cell differentiation, have a profound, stem cell-intrinsic
al., 2003). Several transcription factors have been identi-
defect in their ability to generate mature NK and V14i
fied that are important for NK cell development. IRF-1
NKT cells. Both cell types fail to complete normal ter-
acts in a stem cell-extrinsic manner, explained by the
minal maturation and are present in decreased num-
defect in IL-15 production in IRF-1/ BM (Ogasawara
bers in peripheral lymphoid organs of T-bet/ mice.
et al., 1998). Other factors such as IRF-2, ID2, Ets1,
T-bet expression is regulated during NK cell differenti-
MEF, and PU.1 regulate NK development in a stem cell-
ation by NK-activating receptors and cytokines known
intrinsic manner (Barton et al., 1998; Colucci et al., 2001;
to control NK development and effector function. Our
Lacorazza et al., 2002; Lohoff et al., 2000; Yokota et
results identify T-bet as a key factor in the terminal
al., 1999), and mice lacking these transcription factors
maturation and peripheral homeostasis of NK and
generally have developmental defects in multiple lym-
V14i NKT cells.
phoid lineages. However, the molecular mechanisms
involved and the precise stage of development affected
by loss of these factors remains unclear.Introduction
NKT cells possess properties of both T cells and NK
The innate immune system plays a critical early role in cells in that they coexpress a T cell receptor (TCR) and a
host defense in response to viruses, bacteria, and tumor panoply of receptors of the NK lineage, including NK1.1,
cells. Two of its cell lineages, NK and NKT cells, do not NKG2D, and members of the Ly-49 family (Bendelac et
require prior sensitization for effector function and are al., 1997; Ho et al., 2002). Recent progress has been
vital both for initially combating infection and for subse- made in identifying their developmental intermediates.
quently activating the adaptive immune system by phys- The majority of NKT cells contain an invariant TCR re-
ical interaction with dendritic cells and by the secretion arrangement of V14 to J18 and are reactive to the
of immunoregulatory cytokines. glycolipid -galactosylceramide (GalCer) presented on
Although some progress has been made in identifying CD1d, so-called V14 invariant (V14i ) NKT cells (Kro-
and understanding the in vivo stages of NK cell lineage nenberg and Gapin, 2002). NKT cells develop from
CD4CD8 double-positive (DP) V14-J18 TCR thy-
mic precursors which then upregulate CD44 expression;
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the terminal maturation step is accompanied by expres-edu (L.H.G.)
sion of NK1.1, Ly-49 receptors, and CD122 (Benlagha6Present address: Department of Immunology, University of Wash-
ington, Seattle, Washington 98195. et al., 2002; Gadue and Stein, 2002; Gapin et al., 2001;
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Matsuda et al., 2002). Upon upregulation of CD122, Figure 1A shows that in spleen, liver, and peripheral
blood there was a marked decrease in numbers ofV14i NKT cells proliferate in response to IL-15 (Matsuda
NK1.1TCR NK cells. Similar reductions in numberset al., 2002; Ranson et al., 2003a) and migrate from the
of T-bet/ NK cells were seen when tissues werethymus to the periphery where they are most abun-
stained with antibodies against DX5 and TCR, demon-dant in the spleen, liver, and BM. Mature CD1d-depen-
strating that the observed deficiency could not be ac-dent V14i NKT cells exhibit a memory phenotype
counted for by a lack of expression of the NK1.1 marker(CD62LCD69CD44hi) and can be either CD4 single-
(data not shown). In contrast to the deficiency seen inpositive (SP) or CD4CD8 double-negative (DN) cells.
the periphery, there was a modest increase in numbersDeveloping V14i NKT cells express IL-4 but little IFN-,
of NK1.1TCR NK cells in T-bet/ BM. Further, exam-while mature cells express higher levels of IFN- and
ination of the thymus and BM in addition to the otherless IL-4 (Benlagha et al., 2002; Pellicci et al., 2002).
peripheral organs revealed a nearly complete absenceIL-15, LT/, Ets1, and MEF affect NKT development,
of NK1.1TCR NKT cells. Thus, the integrity of thesuggesting the conservation of regulatory genetic pro-
NK and NKT compartments is markedly affected by thegrams between NK and NKT cells (Kronenberg and
absence of T-bet.Gapin, 2002; Lacorazza et al., 2002; Walunas et al.,
To assess the developmental phenotype and activa-2000).
tion status of T-bet/ NK cells, splenocytes from WTThe transcription factor T-bet (T-box expressed in T
and T-bet/ mice were stained with antibodies against
cells, also known as Tbx21) is a member of the T-box
NK1.1, TCR, and a panel of markers known to reflect
family of transcription factors that contain a conserved
NK maturation. Figure 1B shows that T-bet/ NK cells
200 amino acid DNA binding domain called the T-box. have profoundly reduced levels of CD43 (leukosialin)
T-box proteins have been described in multiple species and reduced levels of CD11b (Mac1) and DX5 (21
where they are critically involved in vertebrate develop- integrin), markers shown to be upregulated during NK
mental processes (Wilson and Conlon, 2002). T-bet is development (Kim et al., 2002). Similarly, T-bet/ NK
the only known T-box gene selectively expressed in the cells showed increased expression of cKit and V integ-
lymphoid system (Szabo et al., 2003). T-bet is rapidly rin, markers that are expressed on developing NK cells
expressed in Th1, but not Th2, cells via a combination but are downregulated upon maturation. Expression of
of signaling from the TCR and the IFN-R/STAT1 path- CD45R (B220) on T-bet/ NK cells is elevated and more
ways, but not the IL-12/STAT4 pathway (Lighvani et al., homogeneous than on WT cells, a pattern that has been
2001). Mice deficient in T-bet have established an impor- demonstrated previously on immature NK cells (Samson
tant role for this transcription factor in Th1 immunity. et al., 2003). Further, T-bet/ NK cells expressed signifi-
T-bet/ CD4 T cells have a severe defect in production cantly higher levels of CD69 (Figure 1C), a marker shown
of IFN- as do antigen-specific T-bet/ CD8 and den- to be upregulated upon NK activation (Ziegler et al.,
dritic cells (Lugo-Villarino et al., 2003; Sullivan et al., 1994), suggesting that NK cells are present in a hyperac-
2003). tivated state in naive T-bet/ animals. Figure 1D shows
Here we report that mice lacking T-bet have stem cell- that T-bet/ NK cells express a normal repertoire of
activating and inhibitory receptors, although a higherintrinsic defects in the maturation of the NK and V14i
proportion of T-bet/ compared to WT NK cells ex-NKT cell lineages. Both cell lineages have blocks at
pressed both the activating receptor Ly-49D and thea similar developmental stage leading to significantly
inhibitory receptor Ly-49G2.decreased numbers in the periphery with a halt in termi-
NK development in the BM was also examined andnal maturation. These results show a critical develop-
revealed a similar halt in maturation as observed in themental role for T-bet in the innate immune system and
periphery as an increased number of immaturesuggest that there are common molecular pathways in
CD122NK1.1CD11blo cells were present. A decreaseoperation during the final maturation stages of both NK
in the percentage of CD122 double-negative cells, theand V14i NKT cells.
earliest known committed NK precursor (Kim et al., 2002)
was also observed (Figure 1E). In contrast to the periph-
eral organs, NK cell numbers were increased rather thanResults
decreased (WT 0.37% versus T-bet/ 0.56%), perhaps
reflecting the increased turnover rate (see below). BothPeripheral Deficiency and Impaired Maturation of NK
BM and peripheral T-bet/ NK1.1TCR NK cells ex-
and NKT Cells in the Absence of T-bet
pressed normal levels of CD122 (Figure 1F) and prolifer-
T-bet-deficient mice backcrossed eight generations to ated normally in response to IL-2 and IL-15 in vitro (data
the C57BL/6 background were utilized in these studies not shown), although importantly this stimulation did
as this strain, unlike BALB/c, expresses the marker not result in restoration of normal cell surface marker
NK1.1. Furthermore, the C57BL/6 but not the BALB/c expression. Therefore, the decrease in peripheral NK
strain contains the Chok locus (Idris et al., 1999) con- cell numbers in T-bet/ mice cannot be explained by
taining the gene encoding the NK-activating receptor their failure to respond to IL-15.
Ly-49D. To assess the role of T-bet on NK and NKT cell We conclude that there is a block in the terminal matu-
development, various tissues from naive WT (WT) and ration of the NK lineage in T-bet/ mice as demon-
T-bet/ mice were analyzed by flow cytometry using strated both by decreased numbers of peripheral NK
antibodies specific for NK1.1 and TCR to allow for cells and by perturbed expression of NK differentiation
cell surface markers. These data are consistent with avisualization and differentiation of NK and NKT cells.
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Figure 1. Peripheral Deficiency and Abnormal Development of NK and NKT Cells in T-bet/ Mice
(A) Cells isolated from the indicated tissues of WT and T-bet/ mice were stained for NK1.1 and TCR. The numbers of NK and NKT cells
are shown as a percentage of total lymphocytes. Data are representative of at least five experiments.
(B) Splenocytes from WT and T-bet/ mice were stained for a panel of antigens representing maturation markers. Gated NK1.1TCR cells
are shown. Data are representative of at least three experiments.
(C) Splenocytes from WT and T-bet/ mice were stained for the CD69 activation marker. Gated NK1.1TCR cells are shown. Data are
representative of at least three experiments.
(D) Splenocytes from WT and T-bet/ mice were stained with antibodies against NK activation and inhibitory receptors. Gated NK1.1TCR
cells are shown. Data are representative of at least three experiments.
(E) BM NK developmental progression was determined by staining isolated marrow cells with CD122, TCR, NK1.1, and CD11b. Gated
CD122TCR cells are shown, and the numbers represent the percentages of cells in the indicated quadrants. Data are representative of
two experiments.
(F) Splenocytes from WT and T-bet/ mice were stained for the CD122 receptor. Gated NK1.1TCR cells are shown. Data are representative
of two experiments.
defect in the developmental maturation of NK cells and BrdU, consistent with previous reports. In contrast,
T-bet/ NK cells incorporated BrdU at a significantlya perturbation of NK cell homeostasis in the absence
of T-bet. higher rate than WT cells. Staining for BrdU and total
chromosomal DNA confirmed that these BrdU NK cells
were traversing the cell cycle (data not shown). TheIncreased Basal Turnover of T-bet/ NK Cells Due
to Increased Rates of Proliferation and Apoptosis disparity between the increased proliferation observed
and the overall decreased numbers of peripheral NKImmature developmental NK cell intermediates prolifer-
ate at specific stages, but mature cells have a very low cells suggested that increased cell death might also be
occurring. It is possible that the peripheral BrdU NKbasal proliferation rate (Kim et al., 2002). The increased
numbers of NK precursors in the face of peripheral NK cells in the T-bet/ mice could also include new NK
cells emerging from the BM during the duration of thecell deficiency, coupled with evidence of hyperactiva-
tion, suggested alterations in cell turnover. We exam- BrdU pulse. However, staining of fresh splenocytes us-
ing the apoptotic marker Annexin V in conjunction withined the rate of in vivo NK proliferation using BrdU incor-
poration. Figure 2A shows that only a very small the dye 7-AAD to assess levels of cell death revealed
significantly higher levels of early apoptotic (Annexin V,percentage of WT NK1.1TCR NK cells incorporated
Immunity
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of splenocytes from WT and T-bet/ mice stained with
antibodies against CD1d, CD19, and TCR revealed
equivalent expression of CD1d on B and T cells (Figure
3C) ruling out CD1d deficiency as a cause of the V14i
NKT defect.
V14i NKT cells developing in the thymus initially ac-
quire the V14-J18 TCR rearrangement, then upregu-
late CD44, and finally NK1.1 as the terminal maturation
step (Benlagha et al., 2002; Gapin et al., 2001; Matsuda
et al., 2002). Analysis of tetramer thymocytes showed
that while T-bet/ cells mostly upregulate CD44, the vast
majority failed to express NK1.1 in contrast to WT cells
(Figure 3D). Enumeration of V14i NKT developmental in-
termediates in WT and T-bet/ thymocytes revealed
that the majority of tetramer NKT cells in T-bet/ mice
reside as CD44loNK1.1 and CD44hiNK1.1 develop-
mental intermediates, whereas the majority of WT tetra-
mer cells are fully mature CD44hiNK.1.1 NKT cells (Fig-
ure 3E). The terminal maturation stages during V14iFigure 2. Increased NK Cell Basal Turnover and Higher NK Cell
NKT development involve the upregulation of Ly-49 re-Apoptosis in T-bet/ Mice
ceptors (Gapin et al., 2001) and CD122 (Matsuda et al.,(A) WT and T-bet/ mice were injected with BrdU. Three hours
2002) in addition to NK1.1 (Benlagha et al., 2002), andlater, splenocytes were isolated and stained for NK1.1 and TCR.
Cells were then stained for incorporated BrdU, and BrdU cells are NKT cells of adult mice have also been shown to express
shown as a percentage of the total NK (NK1.1TCR) population. CD5 and CD69 (Benlagha et al., 2002; Matsuda et al.,
Data are representative of two experiments. 2002). T-bet/ tetramer thymocytes had low levels of
(B) Fresh WT and T-bet/ splenocytes were stained for NK1.1,
expression of CD122 and failed to express Ly-49C, Ly-CD3, Annexin V, and 7-AAD. Gated NK1.1CD3 NK cells are
49G2 although they did express CD5 and CD69 (Figureshown, and the numbers represent the percentages of cells in each
3F). Further, T-bet/ GalCer tetramer NKT cells werequadrant. Data are representative of two experiments.
unable to respond to IL-15 stimulation in vitro, confirm-
ing functionally the low level of CD122 expression (see
the Supplemental Data at http://www.immunity.com/7-AAD) and dead (Annexin V, 7-AAD) NK1.1TCR
cgi/content/full/20/4/477/DC1). Again, these results areNK cells in T-bet/ mice (Figure 2B). Thus, increased
consistent with a severe block in the development andproliferation occurs in conjunction with significantly
maturation of the V14i NKT cell lineage in the absencehigher cell death.
of T-bet.
V14i NKT Cells Exhibit a Severe Block
in Development in the Absence of T-bet The Defects in NK and V14i NKT Development
in T-bet/ Mice Are Entirely Stem Cell IntrinsicV14i NKT cells comprise the vast majority of NK1.1
TCR NKT cells in mice (Kronenberg and Gapin, 2002). and Not Microenvironment Dependent
The BM and thymic microenvironments regulate the de-However, NK1.1 V14i NKT cells, identified with
GalCer-loaded CD1d tetramers, have also been re- velopment of NK and NKT cells both through the secre-
tion of soluble cytokines that bind GM-CSF, IL-7, IL-ported in peripheral organs and are thought to represent
immature recent thymic emigrants (Benlagha et al., 15R, IL-2/15R, and c-Kit receptors on developing
cells and via cell surface-bound lymphotoxin (LT) that2002; Pellicci et al., 2002). The near absence of NK1.1
TCR NKT cells in all the T-bet/ organs studied (Fig- binds the LT receptor on stromal cells (Colucci et al.,
2003; Kronenberg and Gapin, 2002; Lian and Kumar,ure 1A) prompted us to further examine this population
using GalCer-loaded CD1d tetramers that bind specifi- 2002). We therefore investigated whether the absence
of T-bet affected NK and NKT cell development via acally to the invariant V14-J18 TCR (Matsuda et al.,
2000). A striking reduction in the number of tetramer stem cell-intrinsic mechanism, via a defective develop-
mental microenvironment, or both.TCR NKT cells (Figure 3A) consistent with the ob-
served decrease in NK1.1TCR cells was found in BM reconstitution experiments were performed where
lethally irradiated Ly5.1 congenic WT and T-bet/ hostsliver, spleen, and thymus of T-bet/ mice. Further con-
firmation of a reduction in V14i NKT cells was obtained were reconstituted with congenic WT or T-bet/ BM to
allow us to distinguish between WT and T-bet/-by quantitative real-time PCR using primers specific for
the V14-J18 TCR rearrangement. Figure 3B shows a derived peripheral lymphocytes. Figure 4A shows that
WT BM reconstituted the NK cell compartment equallysignificant reduction in transcripts encoding this TCR
rearrangement in thymic and splenic lymphocytes from well both in WT hosts and in T-bet/ hosts; in fact, WT
BM gave better reconstitution of T-bet/ hosts than ofT-bet/ mice after normalization to C transcript levels.
Since mice lacking CD1d have severe defects in NKT WT hosts. In contrast, T-bet/ BM reconstituted the
NK compartment poorly both in WT and T-bet/ hostsdevelopment (Chen et al., 1997; Mendiratta et al., 1997;
Smiley et al., 1997), it was possible that the reduction (Figure 4A). Similarly, the V14i NKT cell compartment,
as assessed by staining with GalCer/CD1d tetramerin V14i NKT cells was secondary to defective expres-
sion of CD1d in T-bet/ mice. However, examination and TCR (Figure 4B) or for NK1.1 and TCR (Figure
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Figure 3. Analysis of V14i NKT Cell Deficiency and the Developmental Intermediates of V14i NKT Cells in T-bet/ Mice
(A) Reduced percentage of GalCer/CD1d tetramer TCR cells in the liver, spleen, and thymus of T-bet/ compared to WT control mice.
The specificity of GalCer/CD1d tetramer staining was demonstrated by the absence of staining in the organs of J18/ mice as well as the
absence of staining with CD1d tetramer that was not loaded with GalCer (data not shown). Data are representative of four experiments.
(B) Amounts of V14-J18 transcripts in the thymus and the spleen of WT and T-bet/ mice were quantified by quantitative real-time PCR.
Normalization of the samples was relative to the quantity of C transcripts. Data are representative of two experiments.
(C) Analysis of CD1d expression in T-bet/ mice. Splenocytes from WT and T-bet/ mice were stained with anti-CD1d mAb or isotype control
and analyzed by flow cytometry. Expression levels of CD1d on B cells (CD19) or T cells (TCR) are shown.
(D) Analysis of expression of CD44 and NK1.1 on tetramer thymocytes. Gated GalCer/CD1d tetramer TCR cells are shown, along with
percentages of cells in the indicated quadrants. Data are representative of three experiments.
(E) Enumeration of GalCer/CD1d tetramer TCR thymocytes in wild-type and T-bet/ mice based on their CD44 and NK1.1 expression
pattern.
(F) Analysis of expression of LY-49C/I, Ly-49G2, CD122, CD5, and CD69 on tetramer thymocytes from wild-type and T-bet/ mice. Data
are representative of three experiments.
4A), was reconstituted by WT BM equally well in WT cells. To address this issue, a competitive reconstitution
experiment was performed where equal numbers ofand T-bet/ mice. However, T-bet/ BM reconstituted
the V14i NKT compartment poorly in both host geno- congenic WT and T-bet/ BM cells were mixed together
and injected into lethally irradiated Rag2/c/ hosts.types (Figure 4B).
Thus, our results argued strongly for a purely stem These hosts lack T, B, NK, or V14i NKT cells, so all of
these lymphocytes must be reconstituted from donorcell-dependent mechanism to explain the NK and NKT
cell defects. However, the formal possibility remained marrow. The mixing of WT and T-bet/ marrow ensured
WT cell lineages would be present during the maturationthat other cell types in the BM (e.g., macrophages, stro-
mal cells, and dendritic cells that produce immunoregu- of T-bet/ NK and V14i NKT cell progenitors. Analysis
of these mice revealed that the contribution of T-bet/latory cytokines and cell-cell contact essential for NK
and V14i NKT cell development) were also defective BM to the NK and NKT cell compartments was again
significantly lower than that of WT BM (Figures 4C anddue to the absence of T-bet and were being transferred
along with the stem cells into the lethally irradiated host. 4D). This result shows conclusively that the observed
defects in NK and V14i NKT development in the ab-While BM stromal cells are radio resistant, the other
host-derived cell types will die and so cannot contribute sence of T-bet are entirely stem cell intrinsic, and fur-
thermore that the BM and thymic microenvironments ofgrowth factors to the developing NK and V14i NKT
Immunity
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Figure 4. The Deficiency of NK and NKT Cell Development in T-bet/ Mice Is Stem Cell Intrinsic and Not Microenvironment Dependent
(A) WT and T-bet/ lethally irradiated hosts were reconstituted with Ly5.1 congenic wild-type or T-bet/ BM cells. Six weeks later, host
splenocytes were examined by staining with NK1.1, TCR, and Ly5.1. Cells are gated on Ly5.1 cells if host animals received WT congenic
BM, or Ly5.1 cells if hosts received T-bet/ BM. The percentages of NK and NKT cells in these gates are shown. Data are representative
of two experiments.
(B) Thymocytes of mice reconstituted as in (A) were examined by staining with GalCer/CD1d tetramer, TCR, and Ly5.1. Cells are gated on
Ly5.1 cells if host animals received WT congenic BM, or Ly5.1 cells if hosts received T-bet/ BM cells. The percentages of NK and NKT
cells in these gates are shown. Data are representative of two experiments.
(C) Rag2/c/ lethally irradiated hosts were reconstituted with a 1:1 ratio of WT Ly5.1 congenic and T-bet/ BM cells. Six weeks later,
host splenocytes were examined by staining with NK1.1, TCR, and Ly5.1. Gated NK1.1TCR cells are shown, and the percentages of
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T-bet/ mice are sufficient to support NK and V14i reported to proliferate in response to IL-7 (Gadue and
Stein, 2002) and while T-bet/ V14i NKT cells wereNKT cell development when WT stem cells are provided.
IFN-might affect NK development and previous work unable to respond to IL-15 due to the low expression
levels of CD122, they proliferated to exogenous additionhas shown that T-bet controls IFN- production in vari-
ous cell lineages (Lugo-Villarino et al., 2003; Sullivan et of IL-7 (data not shown). T-bet/ thymi were depleted
of CD8 cells and placed in culture with IL-7 (10 ng/ml)al., 2003; Szabo et al., 2002). However, mice genetically
deficient in IFN-, IFN-R, and STAT1 did not display for 4 days, and cells then infected with GFP-RV or T-bet-
GFP-RV and replated in culture with IL-7. Four daysany defects in NK and V14i NKT cell development or
in cell numbers as measured by staining with NK1.1 and later, the expression of CD122 was monitored on GFP-
positive and GFP-negative tetramer cells. As shown inGalCer/CD1d tetramer (data not shown and Supple-
mental Data) consistent with earlier reports (Dalton et Figure 4F, the expression of CD122, low on developing
NKT cells, was upregulated in the T-bet but not theal., 1993). Thus, the observed defects in the T-bet/
mice cannot be explained by a decrease in systemic control transduced cell cultures, as the cells developed.
These experiments provide very strong evidence for aIFN- levels. We further examined the expression of IL-
15 from T-bet/ BM cells. Cells from WT and T-bet/ critical stem cell-intrinsic role for T-bet in the generation
and terminal maturation of NK and V14i NKT cells.mice were stimulated for various times with LPS and
IFN-, and the resulting RNA was examined by Northern They further reveal a role for T-bet in controlling the
homeostasis of NK cells in peripheral lymphoid organs.blot and real-time RT-PCR. IL-15 was induced with equal
kinetics and quantity (Supplemental Data). Expression
of IL-27, a cytokine shown to induce T-bet expression T-bet Is Developmentally Regulated during NK
and V14i NKT Cell Development and Isin CD4 T cells (Takeda et al., 2003), was also found to be
normal in WT and T-bet/ dendritic cells (Supplemental Induced by Multiple Stimuli
The defects observed above suggested that T-bet actedData). Furthermore, expression of LT and its receptor
were found to be normal in T-bet/ mice (data not at defined stages of NK and V14i NKT cell differentia-
tion, and it was of interest therefore to assess the regula-shown).
To definitively establish that the function of T-bet in tion of T-bet expression during the development of these
lineages. Developmental subsets were purified from BMcontrolling NK maturation was stem cell intrinsic, we
transduced T-bet/ hematopoietic stem cells (HSCs) and spleen and immediately analyzed for their expres-
sion of T-bet mRNA. Figure 5A shows that while CD122with retroviruses expressing T-bet to rescue the pheno-
type. This experiment also yielded information about the NK1.1 NK precursor (NKP) cells express low levels of
T-bet, NK1.1TCR NK cells from the BM and spleeneffects of T-bet overexpression on NK and V14i NKT
development complementary to what we had observed express higher levels of T-bet mRNA as determined by
real-time RT-PCR. Thus, T-bet expression in NK cellsin the absence of T-bet. Figure 4E shows that retroviral
overexpression of T-bet in T-bet/ HSCs results in a correlates with the progression of maturation. Levels of
GATA3 also increase upon NK cell maturation, consis-marked increase in splenic NK1.1TCR NK cells com-
pared with WT and with T-bet/ cells transduced with tent with an earlier report showing expression of GATA3
transcripts in immature NK cells and more recent workempty retrovirus. Strikingly, overexpression of T-bet in
T-bet/ HSCs also results in the restoration of NK cell demonstrating an important function for GATA-3 in NK
cells (Rosmaraki et al., 2001; Samson et al., 2003).surface CD11b integrin expression, a marker of NK mat-
uration, to levels comparable to that of WT NK cells. To enable a similar analysis for V14i NKT cells, popula-
tions of thymic tetramerCD44loNK1.1, tetramerCD44hiTherefore, T-bet overexpression results both in an in-
crease in peripheral NK cell numbers and the restoration NK1.1 and tetramerCD44hiNK1.1 cells were purified
which represent successive stages in V14i cell devel-of phenotypic cell surface maturity.
Since we could not detect reproducible restoration of opment. Analysis of T-bet mRNA levels by real-time RT-
PCR shows that T-bet expression increases upon matu-the V14i NKT cell compartment with this approach due
to low expression of GFP in the thymus, we expressed ration, while GATA3 levels stay relatively constant as
normalized to housekeeping genes (Figure 5B). TheseT-bet by retroviral transduction of thymic NKT cells
rather than HSCs. Immature V14i NKT cells have been results are consistent with a role for T-bet in the terminal
Ly5.1 (WT congenic-derived NK cells) to Ly5.1 (T-bet/-derived NK cells) are shown. Data are representative of two experiments.
(D) Rag2/c/ lethally irradiated hosts were reconstituted as in (C). Six weeks later, host thymocytes were examined by staining with
GalCer/CD1d tetramer, TCR, and Ly5.1. Gated tetramerTCR cells are shown, and the percentages of Ly5.1 (WT congenic-derived NKT
cells) to Ly5.1 (T-bet/-derived NKT cells) are shown. Data are representative of two experiments.
(E) In vivo retroviral expression of T-bet in T-bet/ HSCs results in expansion of the NK1.1 TCR NK cell compartment and the restoration
of wild-type NK cell integrin expression levels. Lethally irradiated Rag2/c/ hosts were reconstituted with WT or T-bet/ HSCs infected
with T-bet GFP-RV retrovirus or empty control retrovirus. Eight weeks later splenocytes from the reconstituted hosts were stained with
antibodies against NK1.1 and TCR, and GFP (virus-positive) cells are shown. The percentages of cells in the NK1.1 TCR quadrants are
shown. Splenocytes from the reconstituted Rag2/c/ hosts were also stained with antibodies against NK1.1, TCR, and CD11b. The plots
show GFPNK1.1TCR NK cells. WT and T-bet/ HSCs transduced with the empty retrovirus vector are shown as controls. Data are
representative of two experiments.
(F) In vitro retroviral expression of T-bet in T-bet/ thymocytes results in restoration of expression of CD122 on GalCer tetramer T-bet/
NKT cells. Thymocytes from T-bet/ mice were depleted of CD8 cells and cultured with IL-7 for 4 days. The cells were then infected with
GFP-RV or GFP-RV T-bet retroviruses. After a further 4 days, the expression of CD122 was examined on GFP GalCer tetramer cells using
flow cytometry. Isotype controls show specificity of staining of CD122 antibody. Data are representative of two experiments.
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Figure 5. Signals Inducing T-bet Expression in NK Cells
(A) Upregulation of T-bet during the development of NK cells. BM-derived CD122NK1.1TCR NKP cells, BM-derived NK1.1TCR cells,
and splenic NK1.1TCR cells were sorted from wild-type mice. Total RNA was prepared from these cells, and quantitative real-time RT-
PCR analysis was performed using primers and probes specific for T-bet and GATA-3. The amounts of T-bet and GATA-3 transcripts were
determined by quantitative real-time PCR with normalization to the amount of -actin for each sample.
(B) Upregulation of T-bet during the development of V14i NKT cells. Fresh developmental intermediates (CD44lowNK1.1 [1], CD44highNK1.1
[2], and CD44highNK1.1 [3]) of thymic CD1d tetramer V14i NKT cells from C57BL/6 mice were sorted and total RNA purified. The amounts
of T-bet and GATA-3 transcripts in each population were determined by quantitative real-time RT-PCR with normalization to the amount of
HPRT in each sample.
(C) Differential expression of Eomesodermin (Eomes) by NK and V14i NKT cells. Fresh NK1.1TCR NK cells and GalCer/CD1d tetramer
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maturation of V14i NKT cells, and correlate with previ- Previous studies have shown that IFN- is the major
inducer of T-bet in various cell lineages (Lighvani et al.,ous observations that V14i NKT cells produce IFN-,
but less IL-4, upon maturation (Benlagha et al., 2002; 2001). Surprisingly, however, regulation of T-bet expres-
sion in NK cells is IFN- independent, as IFN-/ NKStetson et al., 2003). Indeed, this was confirmed by our
own observations that levels of IFN- transcripts in- cells have no impairment in T-bet expression (Figure
5E). Consistent with the potent induction of T-bet by IL-crease upon cell maturation while IL-4 levels decrease
(data not shown). 12 and IL-18, STAT4/ NK cells have a significant defect
in T-bet induction upon treatment with these cytokinesAnother T-box transcription factor, Eomesodermin
(Eomes), has recently been shown to be expressed in but not with IL-15 (Figure 5E). Therefore, in contrast to
T cells or dendritic cells (Afkarian et al., 2002; Lighvani etIL-2-expanded NK cells and CD8 T cells, but not in
CD4 T cells, and has important functions in promoting al., 2001; Lugo-Villarino et al., 2003), the STAT4 signaling
pathway is important for T-bet induction in NK cells.cytotoxicity and IFN- secretion (Pearce et al., 2003). It
was therefore of interest to examine the expression of
this factor in V14i NKT cells and primary NK cells ex Identification of Putative T-bet Target Genes
in NK Cellsvivo by real-time RT-PCR. Figure 5C shows that while
T-bet is expressed in both NK and V14i NKT cell lin- Currently, there are few known target genes for T-bet.
T-bet was cloned as a factor that transactivated IL-2 ineages, Eomes is expressed only in the NK cell lineage.
The lack of Eomes expression in V14i NKT cells pro- a yeast one-hybrid screen and was subsequently shown
to be an important regulator of IFN- and the IL-12Rvides an intriguing parallel to its lack of expression in
CD4 T cells. Importantly, Eomes expression by NK cells chain (Afkarian et al., 2002; Szabo et al., 2000, 2002). In
an effort to uncover novel target genes of T-bet in NKis unaffected by the absence of T-bet, and this has
obvious implications for a potential compensatory role cells, we utilized an approach that couples chromatin
immunopreciptation with CpG island microarray analy-of Eomes in T-bet/ NK cell effector function and devel-
opment. sis (Weinmann and Farnham, 2002; Weinmann et al.,
2002). This approach allows for the rapid analysis ofWe investigated the identity of the upstream signals
required to induce T-bet in NK cells. WT NK cells were promoters that are directly and specifically bound by a
defined transcription factor. Initially, the human NK cellpurified and stimulated with various combinations of
cytokines and an agonistic antibody against the activat- line YT was utilized, and chromatin from these cells was
immunoprecipitated using an antibody that is reactiveing receptor Ly-49D, stimuli that have been implicated
in NK activation and/or proliferation (Lauwerys et al., to both human and mouse T-bet. After fluorochrome
conjugation, the chromatin was used to probe a microar-1999; Ortaldo et al., 2001; Ortaldo and Young, 2003).
Quantitative real-time RT-PCR analysis was performed ray containing 7776 CpG islands. Array clones were
identified for which the signal obtained with the T-bet-to assess T-bet mRNA levels. Figure 5D shows that
the cytokines IL-12 and IL-15 induced T-bet expression immunoprecipitated chromatin was at least 2-fold higher
than the signal from a no-antibody control chromatinstrongly. Other cytokines such as IL-18, IFN-, and IFN-
did not cause significant T-bet induction. In addition, sample. These clones were subsequently verified by
standard immunoprecipitation (ChIP) experiments usingligation and crosslinking of the Ly-49D receptor mod-
estly induced T-bet. In particular, IL-12 together with IL- an antibody directed against T-bet, together with a no-
antibody control. Further verification was carried out18, which has been shown to be a powerful inducer of
IFN-production by NK cells (Lauwerys et al., 1999), was by ChIP using murine chromatin isolated from IL-2-
expanded lymphokine-activated killer (LAK) cells de-the most potent inducer of T-bet expression observed.
T-bet induction was also augmented when the Ly-49D rived from WT and T-bet/ splenic NK cells. For this
analysis, primer sets were prepared that spanned300receptor was stimulated in combination with IL-12 or
IFN- as compared with ligation of the receptor or cyto- bp of the promoter upstream of the transcription start
site of its corresponding gene. Due to the average sizekine alone. It is significant that IL-15 alone strongly in-
duced T-bet expression as this links the proposed func- of the chromatin after sonication, T-bet binding could
be detected in a region within 1 kb of the primer pair.tion of T-bet in NK cell maturation with the known critical
role for IL-15 in NK cell development. In addition, we In addition, hypothesized targets (not from the array)
were confirmed to be direct targets using the standardhave observed a significant increase in T-bet transcript
levels in thymic V14i NKT cells expanded with IL-15 ChIP assay. Real-time RT-PCR of putative target genes
was then performed to confirm perturbed expression in(data not shown), indicating that the IL-15-T-bet path-
way might be operative in this cell lineage as well. the absence of T-bet.
V14i NKT cells were sorted from spleens of WT and T-bet/ mice and total RNA purified. The amounts of T-bet and Eomes transcripts in
each population were determined by quantitative real-time RT-PCR with normalization to the amount of HPRT in each sample.
(D) T-bet expression by NK cells is induced by multiple different stimuli. WT splenic NK cells were purified and stimulated for 12 hr with media
alone or the indicated cytokines and/or antibody against the Ly-49D receptor. RNA was prepared and real-time RT-PCR performed using
primers and probes specific for T-bet and -actin. The levels of T-bet were normalized to -actin, and the fold induction of T-bet as compared
with media alone for each stimulation is shown. Data are representative of three experiments.
(E) T-bet expression by NK cells is induced independently of IFN- but partially requires STAT4. Splenic NK cells were purified from wild-
type, IFN-/, and STAT4/ mice, and equal numbers were stimulated for 12 hr as indicated. RNA was prepared from the cells and real-
time RT-PCR performed using primers and probes against T-bet and -actin. The amounts of T-bet transcripts in each population were
determined by quantitative real-time PCR with normalization to the amount of -actin for each sample. Data are representative of three experi-
ments.
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Figure 6. Putative T-bet Target Genes in NK
Cells Identified by Chromatin Immunoprecipi-
tation and Expression Level Analysis
(A) T-bet binds to the promoters of granzyme
B (GRZB), perforin (PRF), and Runx1, as de-
termined by ChIP. Nuclear extracts from the
human NK cell line YT, and IL-2-expanded,
IL-12/IL-18-activated murine LAK cells were
incubated with antibodies against T-bet, and
chromatin was immunoprecipitated. Primers
specific to the promoter regions of these
genes were used to detect enrichment of
these promoters in the DNA from the immu-
noprecipitated samples. IFN- and IL-4 are
shown as positive and negative controls, re-
spectively. A standardized aliquot of the input
chromatin is also shown (total) together with
a no-antibody control. In addition, no T-bet-
specific signal was detected in chromatin
from T-bet/ LAK cells. Data are representa-
tive of two experiments.
(B) Real-time RT-PCR analysis of perforin,
granzyme B, and Runx1 expression in murine
NK cells. Purified NK cells from wild-type and
T-bet/ mice were stimulated with media
alone or IL-12 and IL-18 for 6 hr. RNA was
then prepared from these cells and quantita-
tive real-time PCR performed using primers
and probes specific for these genes. The
mRNA levels are normalized to -actin levels.
Data are representative of two experiments.
Figure 6A shows the ChIP confirmation of three puta- 6B shows the expression analysis of these genes by
real-time RT-PCR. For these three genes there was ative T-bet targets, granzyme B, perforin and Runx1.
Other target genes whose functional significance is un- modest but consistent (2- to 3-fold) decrease in tran-
script levels in both resting cells and in cells stimulatedclear were also identified with the ChIP-CpG approach.
IFN- is shown as a positive control and IL-4 as a nega- with IL-12 and IL-18 (the stimulus shown to be the most
potent inducer of T-bet in NK cells). Therefore, we asserttive control in addition to a no-antibody control. T-bet
bound to the promoters of these three genes in the that perforin, granzyme B, and Runx1 are T-bet tar-
get genes on the basis of direct binding of T-bet tohuman YT cell line and WT murine LAK cells, but there
was no detectable binding in the T-bet/ control LAK their promoters together with decreased expression in
T-bet/ NK cells under both resting and stimulated con-chromatin preparation. In addition, the binding of T-bet
to the mouse homologs confirmed specificity of binding ditions.
in human chromatin. It is noteworthy that Runx1 has
been shown to have specific promoters for T/B cells Effector Functions of T-bet/ NK and V14i NKT Cells
The effector functions of NK cells during pathogen or(distal) and NK/myeloid cells (proximal) (Telfer and Roth-
enberg, 2001) and that the ChIP analysis confirmed that tumor challenge include rapid secretion of large quanti-
ties of IFN- together with perforin- and granzyme-T-bet binds to the NK-specific proximal promoter. Figure
T-bet Regulates NK and NKT Maturation
487
dependent cytolysis of target cells (Biron et al., 1999; ing increasingly apparent that it also functions in other
cell types in both innate and adaptive immunity. T-betKagi et al., 1994; Pardo et al., 2002). Mature V14i NKT
controls IgG2a gene transcription in B cells as well ascells produce IFN- upon engagement of their restricted
effector functions and IFN- gene transcription in CD8TCR with CD1d-presented GalCer. Figure 7A shows,
T cells and dendritic cells (Lugo-Villarino et al., 2003;as expected, that NK cells stimulated with IL-12 and
Peng et al., 2002; Sullivan et al., 2003). Here we haveIL-18, but not resting NK cells, rapidly secrete large
demonstrated an important role for T-bet in directingquantities of IFN-. However, this early burst of IFN-
the maturation of the NK and CD1d-restricted V14i NKTwas not impaired in the absence of T-bet. Interestingly,
cell compartments as well. In the absence of T-bet,after 24 hr of stimulation, T-bet/ cells produced signifi-
peripheral numbers of NK and V14i NKT cells are de-cantly lower levels of IFN-, an observation consistent
creased, and the cells that remain appear to be haltedwith the higher rate of cell death as determined by
at a stage prior to final maturation. While a number ofAnnexin V staining (Figure 2 and data not shown). Similar
other transcription factors have been demonstrated toobservations were made after stimulation of NK cells
regulate NK cell development, little is known about regu-with IL-12, PMA and ionomycin, or an antibody against
latory factors that direct NK and V14i NKT cell end-Ly-49D (data not shown). Thus, the early and rapid se-
stage maturation. We show here that T-bet acts in acretion of IFN- is T-bet independent while the mainte-
cell-intrinsic manner at similar stages in both lineagesnance of IFN- production is impaired in the absence
to complete normal terminal maturation. In its absence,of T-bet, consistent with our earlier work (Szabo et al.,
NK and V14i NKT cell numbers and effector function2002). Next, IL-12/IL-18-activated splenic NK cells from
are diminished. Since NK cells and V14i NKT cells areWT and T-bet/ mice were examined for their ability to
derived from different committed precursors and devel-lyse the prototypic NK target cell YAC1 using a standard
op in different locations, it appears T-bet acts indepen-51Cr release assay. Figure 7B shows that, cell for cell,
dently in both cell types after lineage commitment. Giventhere was a modest but statistically significant decrease
that, compared with mature cells, the expression ofin the ability of T-bet/ cells to lyse YAC1 target cells.
T-bet is very low in the progenitor populations of eachT-bet/ V14i NKT cells were also tested for their
of these lineages, it is unlikely that it would regulate theability to secrete IFN- by administering GalCer in vivo,
formation of these committed precursors.and examining cells ex vivo 75 min later. Figure 7C
T-bet/ NK cells exhibited, on a cell per cell basis,shows that while WT GalCer tetramer cells produced
a small but consistent and statistically significant de-IFN- rapidly after stimulation, T-bet/ cells failed to
crease in prototypic target cell killing, consistent withmake any detectable IFN- (staining was comparable to
the modest decrease in IFN, perforin, and granzymethe isotype control antibody). Furthermore, splenocytes
B, and the known decreased cytolytic ability of immaturefrom GalCer-treated mice cultured in vitro for 3 days
CD11blo NK cells compared with fully mature cells (Kimproduced undetectable amounts of IFN- (data not
et al., 2002). Similarly, IFN- production and NK cytolyticshown), consistent with the failure to detect IFN- by
ability to murine cytomegalovirus, a pathogen handledintracellular cytokine staining. Therefore, T-bet/ V14i
in the mouse primarily by NK cells (Biron et al., 1999),NKT cells express little, if any, IFN-, and this observa-
was diminished in T-bet/ mice. Viral titers in the livertion is consistent with the observed block in maturation
and spleen were unaffected by the absence of T-bet,to the stage where this cytokine is normally produced.
despite evidence that there are different NK effectorFinally, WT and T-bet/ mice were infected with mu-
mechanisms in operation in these two organs (Tay etrine cytomegalovirus (MCMV) to assess the function of
al., 1999). This perhaps is not surprising given that theNK cells to an in vivo pathogen. MCMV clearance has
NK cell response against MCMV infection is extremelybeen shown to be functionally dependent on NK cells
robust—in vivo depletion of Ly-49 NK cell subsets has(Biron et al., 1999). Figure 7D shows that levels of IFN-
minimal or no effect on viral titer in contrast to depletion
in the serum, spleen, and liver of infected mice were
of the total NK population (Tay et al., 1999). In contrast
significantly decreased at both days 1.5 and 2 postinfec-
to NK cells, IFN- production by V14i NKT cells is
tion, consistent with both the decreased numbers of NK critically dependent on T-bet, as T-bet/ cells fail com-
and V14i NKT cells and the decreased ability of these pletely to make this cytokine. This failure in IFN- pro-
cells to secrete IFN-. At these early time points, the duction correlates well with the failure of T-bet/ V14i
immune response is primarily limited to NK and not NKT cells to reach terminal maturation, the stage at
T cells. Furthermore, splenic cytolytic capacity was di- which they downregulate expression of IL-4 and upregu-
minished in T-bet/ mice both in uninfected and in- late expression of IFN- (Benlagha et al., 2002; Stetson
fected mice (Figure 7E), again consistent with both the et al., 2003).
decreased numbers and the diminished killing capacity Why are there fewer NK and V14i NKT cells in the
of T-bet/ NK cells. However, there was no difference periphery in T-bet/ mice? The explanation likely re-
in MCMV viral titers in the liver and spleen of T-bet/ lates to the maturation defects in both lineages. While
mice compared with WT (Figure 7F), indicating that NK the severity of the block in terminal maturation is modest
cells are present at sufficient functional levels to con- in the NK cell compartment compared with the V14i
trol infection. NKT cell compartment, the alteration in maturation
markers observed indicates that T-bet acts at similar
Discussion late stages during the developmental maturation of both
of these cell lineages. Thus, the absence of T-bet leads
Although T-bet was initially appreciated as a key tran- to decreased production of Ly-49CD94cKitloVloCD11-
bhiDX5hi mature NK cells, with a significant proportionscription factor in Th1 lineage specification, it is becom-
Immunity
488
T-bet Regulates NK and NKT Maturation
489
of the peripheral cells present at the penultimate Ly- decreased expression of integrins and CD43 in the ab-
sence of T-bet could therefore result in inefficient NK49CD94cKithiVhiCD11bloDX5lo developmental stage,
as would be observed in the BM of WT mice (Kim et al., cell migration to peripheral organs. Further investigation
is required to understand mechanisms of NK cell migra-2002). Similarly, NKT cells are blocked at the V14iCD-
44hiNK1.1Ly-49CD122 stage and do not progress to tion, homeostasis, and the function of T-bet in these
processes. In any event, it is striking that retroviral over-the fully mature V14iCD44hiNK1.1Ly-49CD122
stage. The failure of T-bet/ V14i NKT to express sig- expression of T-bet resulted in elevated NK cell numbers
and restoration of terminal maturation, providing strongnificant levels of CD122 and therefore proliferate in re-
sponse to IL-15 is the simplest explanation for the severe evidence that T-bet controls peripheral NK cell homeo-
stasis.reduction in numbers of this cell type. IL-15 is critically
required for peripheral maintenance of NKT cell numbers A number of transcription factors that regulate the
development of NK and NKT cells, some of them in a(Kennedy et al., 2000), and the failure of T-bet/ V14i
NKT cells to respond to IL-15 (produced normally in the stem cell-intrinsic manner like T-bet, have been de-
scribed (Colucci et al., 2003; Kronenberg and Gapin,absence of T-bet) would result in impaired expansion
and survival in the periphery (Matsuda et al., 2002). 2002). Ikaros acts very early on to regulate mouse lym-
phopoiesis and homeostasis of the common lymphoidHowever, impaired IL-15 signaling does not account
for the decreased numbers of NK cells, as T-bet/ NK progenitor stem cell, and mice lacking Ikaros have de-
fects in the development of NK cells together with Bcells express CD122 and can proliferate in response to
IL-15. Immature NK cells at the penultimate stage of cells, dendritic cells, and fetal T cells (Boggs et al., 1998;
Wang et al., 1996). Deficiency of inhibitors of DNA bind-development actively proliferate in BM but not in spleen
where NK cells remain static (Kim et al., 2002). We have ing (ID) factor ID2 results in a block in NK cell devel-
opment due to an inability to form NK precursor cellsshown an increased basal turnover of NK cells in periph-
eral lymphoid organs of T-bet/ mice, consistent with (Yokota et al., 1999). Members of the ETS family of tran-
scription factors have also been shown to regulate as-their immature phenotype and reflected by increased
expression of the CD69 activation marker. Furthermore, pects of hematopoiesis in general and NK and NKT cells
in particular. PU.1 deficiency results in the generationthese cells undergo increased spontaneous apoptosis.
It is possible that T-bet is required both for maturation of reduced numbers of NKP and NK cells (Colucci et
al., 2001) while deficiencies in Ets1 and MEF result inand peripheral homeostasis of NK cells so that in its
absence cells become spontaneously activated and severe defects in the development of NK and NKT cells
(Barton et al., 1998; Lacorazza et al., 2002; Walunas etsubsequently die. Alternatively, T-bet could be required
for NK cell survival. IL-15 has been shown to be a critical al., 2000), but these defects are probably not a result of
impaired NK or NKT lineage commitment as with Ikarossurvival factor for NK cells (Minagawa et al., 2002)
through its induction of Bcl2, and we have shown that and ID2. Further, interferon regulatory factor (IRF)-2-
deficient mice demonstrate severe defects in NK matu-IL-15 induces T-bet in NK cells. However, levels of Bcl2
in T-bet/ NK cells were normal (unpublished data), ration and cytotoxicity, but NKT cell development is
unaffected (Lohoff et al., 2000). In contrast, T-bet actsand it is currently unclear whether T-bet directly regu-
lates NK cell apoptosis. Another possible explanation in a stem cell-intrinsic manner late in the development
of these lineages, consistent with the developmentalfor peripheral NK cell deficiency is decreased migration
from the BM. Intriguingly, there is a modest increase upregulation of its expression as both cell types mature.
We have observed that expression of IRF-2, Ets1, andin CD122NK1.1TCR cells in T-bet/ BM, and the
majority of these cells are CD11blo. Furthermore, periph- MEF mRNAs are normal in T-bet/ NK cells (data not
shown), suggesting they act upstream of T-bet. Intrigu-eral T-bet/ NK cells express significantly lower levels
of CD43 and integrins shown to be important in cell-cell ingly, both the human and mouse T-bet proximal pro-
moters contain two consensus Ets binding sites thatadhesion and migration (Ostberg et al., 1998; Porter
and Hogg, 1998) whose expression correlates with the are highly conserved in sequence and location (M.J.T.,
unpublished data). This raises the possibility that ETSterminal maturation stage at which NK cells leave the
BM and migrate to the periphery (Kim et al., 2002). The family members such as Ets1, MEF, and PU.1 can regu-
Figure 7. NK and NKT Cell Effector Function
(A) WT and T-bet/ splenic NK cells were stimulated with IL-12 and IL-18. At the times indicated, cells were harvested, fixed, permeabilized,
and stained with an antibody against intracellular IFN-. Gated NK1.1TCR cells are shown. Data are representative of three experiments.
(B) Wild-type and T-bet/ NK cells were purified by MACS, and equivalent numbers were used as effector cells in standard 4 hr 51Cr YAC1
cell-killing assays. IL-12 and IL-18 were added to all wells. Percentages of specific lysis values for both genotypes were analyzed by Student’s
t test, and data that were found to be statistically significant (p value of less than 0.05) are marked with an asterisk. Data are representative
of three experiments.
(C) Wild-type and T-bet/ mice were injected intravenously with 2 g GalCer. Seventy-five minutes later, liver and splenic (data not shown)
V14i NKT cells were stained with GalCer tetramer, fixed, permeabilized, and then stained with an antibody against intracellular IFN- or an
isotype control antibody. Equal numbers of tetramer cells are shown in the plots. Data are representative of two experiments.
(D) WT and T-bet/ mice were infected with MCMV. At the times indicated, levels of IFN- were determined in the serum and also in the
spleen and liver of the mice by ELISA.
(E) WT and T-bet/ mice were infected as above, and at the indicated times splenocytes were prepared and used as effector cells in standard
51Cr YAC1 cell-killing assays.
(F) The liver and splenic MCMV titers of the mice infected above were determined by plaque assay at the times indicated. Data are shown
as log viral titer plaque forming units (PFU)/gram of liver. All data are representative of two experiments.
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late the expression of T-bet during later stages of NK cient cytotoxic T cells also express modestly lower lev-
els of granzyme B, and overexpression of T-bet inducesand NKT cell development. GATA-3 has recently been
shown to promote NK cell maturation, and GATA-3- perforin expression in developing Th2 cells (Pearce et
al., 2003; Sullivan et al., 2003). The latter report alsodeficient NK cells have perturbed cell surface expres-
sion of CD11b, CD43, and B220 similar to our observa- described Eomes, a T-box transcription factor highly
expressed in CD8 T and LAK cells, but not in CD4tions of T-bet/ NK cells (Samson et al., 2003). However,
GATA-3-deficient NK cells also have abnormal expres- T cells, that also regulates perforin and granzyme B,
although direct promoter binding was not shown. Thesion of CD94 and certain Ly-49 receptors, suggesting
GATA-3 may act earlier than T-bet during maturation. It Ets family transcription factor MEF has also been shown
to directly control transcription of the perforin gene (La-is intriguing that GATA-3-deficient NK cells express
T-bet mRNA at levels 4- to 5-fold lower that WT cells, corazza et al., 2002). We also confirmed IFN- as a T-bet
target gene but, interestingly, noted a late but not earlypointing to a potential requirement for GATA-3 in optimal
T-bet induction. The coexpression of T-bet and GATA-3 deficiency in NK production of IFN- in the absence of
T-bet. It is possible that Eomes, shown to drive IFN-in NK, V14i NKT, and  cells clearly contrasts to the
mutually exclusive situation seen in T helper cells (Ho production in CD8 T cells (Pearce et al., 2003), can
compensate for the lack of T-bet at early stages to driveand Glimcher, 2002; Yin et al., 2002). Further investiga-
tion of GATA-3/T-bet interactions in NK cells is war- IFN-, but that T-bet is required for continued mainte-
nance of the response. Indeed, we have demonstratedranted. Collectively, these observations show that, as
in T or B cell development, an orderly progression of that Eomes is expressed at WT levels in T-bet/ NK
cells, an observation that strongly supports this hypoth-different transcription factors drives the development
of NK and V14i NKT cell lineages from precursor forma- esis. Similar functional redundancy in NK cells has been
demonstrated in a study where distinct and redundanttion and lineage commitment through acquisition of cell
surface receptors and terminal maturation to effector kinase signaling pathways downstream of NK cell recep-
tors were found to act synergistically to mediate NK cellcells.
An observation of interest to us was the difference effector function (Colucci et al., 2002). The more severe
defect in the V14i NKT than NK compartment mightbetween the signaling pathways upstream of T-bet in
NK as compared to T cells. IFN- is directly responsible similarly be accounted for by an insignificant role for
Eomes in V14i NKT cells as compared to NK cells.for the induction of T-bet in lymphoid and myeloid cells
(Lighvani et al., 2001) via a STAT1-dependent autoregu- Again, this possibility is strongly supported by our ob-
servation of the lack of Eomes expression in the V14ilatory loop. However, IFN/ NK cells had no impair-
ment in T-bet induction by any stimulus tested. Instead, NKT cell lineage. The lack of Eomes expression in the
CD4T cell and V14i NKT cell compartments is sugges-the receptors upstream of T-bet correlated well with
the known function of such signaling pathways in NK tive of an important role for Eomes in cytotoxic cells
such as CD8 T cells and NK cells rather than in primarilyactivation and effector function. Thus, consistent with
the multiplicity of signals known to regulate NK cells, cytokine-producing cells such as CD4 T cell and V14i
NKT cells. An intriguing possibility is that the less severemultiple signals induced T-bet expression in NK cells
and, furthermore, synergized to increase the efficiency defect in NK cell terminal maturation observed in
T-bet/ mice compared with that seen in V14i NKTof induction. For example, IL-12 in synergy with IL-18,
a combination previously described as a potent spur cell development could mean that the expression of
Eomes in T-bet/ NK cells could partially compensatefor NK activation, proliferation, and cytokine production
(Lauwerys et al., 1999), was the strongest in vitro stimu- for the absence of T-bet during NK terminal maturation.
In the case of V14i NKT cell development no suchlus placing STAT4 upstream of T-bet in NK cells. Occu-
pancy of IFNR and TCR results in both T-bet induction compensation would occur as Eomes is not expressed
in this compartment, hence the almost complete blockand Th1 differentiation. An analogous receptor in NK
cells may be the activating Ly-49D receptor that drives in terminal maturation in the absence of T-bet. The differ-
ential expression of Eomes in the NK and V14i NKT cellcytokine and chemokine production in synergy with IL-
12 or IL-18 (Ortaldo et al., 2001; Ortaldo and Young, compartments, together with its possible compensatory
role for T-bet, further offers an explanation for the mod-2003) since T-bet is synergistically induced by occu-
pancy of Ly-49D together with IL-12 or IFN-. Of further est defects in cytokine production and cytotoxicity ob-
served in T-bet/ NK cells compared with the severeinterest, IL-15 induces T-bet in NK and V14i NKT cells,
thus linking the critical dependence on IL-15 for NK defect in IFN- production by T-bet/ V14i NKT cells.
It would be informative to study the development andand V14i NKT development, maturation,and survival
(Kennedy et al., 2000; Ranson et al., 2003a) with the effector function of NK cells deficient for Eomes and
doubly deficient for Eomes and T-bet to further exploreinduction of T-bet.
We have identified three T-bet target genes in NK a potential role for Eomes in the NK cell compartment.
Alternatively, T-bet may partner with different proteinscells, perforin, granzyme B, and Runx1, using a combi-
nation of chromatin immunoprecipitation and CpG mi- in the two cell types. Overall, it appears that T-bet is
one of several parallel acting transcription factors thatcroarray analysis followed by expression studies. The
advantage of this system is that it allows identification regulate cytolytic effector molecules in NK cells thereby
ensuring rapid, robust, and optimal expression duringof direct targets of transcription factors through factor
binding to elements in the gene promoter (Weinmann NK cell effector function.
The Runt family transcription factor Runx1 (AML1,and Farnham, 2002; Weinmann et al., 2002). The identifi-
cation of perforin and granzyme B as direct T-bet targets PEBP2B, or CBF2) is critically required for hematopoi-
etic stem cell development and T cell differentiationis in agreement with two recent reports that T-bet-defi-
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anti-NK1.1 clone PK136, CyChrome-labeled anti-TCR clone H57-(Hayashi et al., 2001; Taniuchi et al., 2002). Loss of Runx1
597, allophycocyanin (APC)-labeled anti-CD44 clone IM7, FITC-binding sites have been recently associated with sus-
labeled anti-CD19 clone MB19-1, PE-labeled anti-CD122 clone 5H4ceptibility to autoimmune diseases (Helms et al., 2003;
(eBioscience, San Diego, CA) FITC-labeled anti-Ly-49C/I clone 5E6,
Tokuhiro et al., 2003). The Runx1 gene is regulated in a FITC-labeled anti-Ly-49G2 clone 4D11, FITC-labeled anti-NKG2A/
complex manner, with different splice isoforms being C/E clone 20d5, PE-labeled anti-CD1d clone 1B1, FITC-labeled anti-
CD11b clone M1/70, FITC-labeled anti-CD43 clone S7, PE-labeledproduced from two distinct proximal and distal promot-
anti-CD49b (DX5) clone DX5, FITC-labeled anti-cKit clone 2BE, PE-ers (Telfer and Rothenberg, 2001). These two promoter
labeled anti-V (CD51) clone H9.2B8, FITC-labeled anti-B220 cloneelements are utilized in different cell lineages, with the
RA3-6B2, FITC-labeled anti-CD69 clone H1.2F3, FITC labeled anti-distal promoter active in B and T cells and the proximal
CD94-NKG2 clone 18d3, and APC-labeled antiCD3 clone 145-2C11
promoter active in myeloid and NK lineages. T-bet (BD Biosciences, San Diego, CA). Additionally, anti-Ly-49D (clone
bound to the proximal promoter, and in T-bet/ NK cells 4e4) and anti-Ly-49H (clone 3D10) mAbs, kind gifts from Dr. Wayne
Yokoyama, were conjugated to Alexa Fluor 488 in our laboratorythe expression of Runx1 was decreased. It is currently
using standard protocols. For intracellular staining, cells were incu-unclear what significance this has for NK cell devel-
bated with blocking 2.4G2 anti-FcR mAb (eBioscience) and thenopment although NKT cell numbers are reduced in
surface stained. Cells were permeabilized using Cytofix/CytopermRunx1/ mice (see the Supplemental Data at http://
(BD Biosciences) and stained using FITC-labeled anti-IL-4 clone
www.immunity.com/cgi/content/full/20/4/477/DC1) BVD6-24G2 or FITC-labeled anti-IFN clone XMG1.2 (eBioscience)
and severely diminished in mice that lack Runx1 in the according to the manufacturer’s protocol. The isotype control used
was FITC-labeled mouse IgG1 clone P3 (eBioscience). Cytokines inlymphoid system (using Runx1F/F/Lck-Cre or Runx1F/F/
the serum were evaluated in a sandwich ELISA using rat anti-mouseCD4-Cre mice; D. Littman, personal communication). It
IL-4 and IFNmAbs (BD Bioscience). Apoptosis assays were carriedis intriguing that the proximal isoform of Runx1 has been
out by costaining with Annexin V and 7-AAD (BD Biosciences) ac-shown to drive terminal differentiation of a myeloid neu-
cording to the manufacturer’s instructions. For in vivo BrdU incorpo-
trophil cell line and that enforced expression of Runx1 ration assays, mice were intraperitoneally injected with 2 mg of
enhanced the induction of megakaryocytic integrin pro- BrdU. After 3 hr, single-cell suspensions were prepared from spleen
and bone marrow. Cell were first surface stained with PE-labeledteins and cooperated with GATA1 in differentiation of
anti-NK1.1 and CyChrome-labeled anti-TCR, then fixed, perme-megakaryocytes (Elagib et al., 2003; Telfer and Rothen-
abilized, and treated with DNase. Analysis of BrdU incorporationberg, 2001). Further work is in progress to discern
was then performed using the BrdU Flow Kit (BD Biosciences).whether Runx1 has a role in NK cell maturation by driving
expression of integrins and aiding terminal differenti-
Quantitative RT-PCRation.
Total RNA was extracted from sorted cells with TRIzol solution
Taken together, these data demonstrate an important (Invitrogen, Carlsbad, CA). Reverse transcription was carried out by
stem cell-intrinsic role for T-bet in NK and V14i NKT using the Improm-II reverse transcription system (Promega, Madi-
son, WI) and random primers, or the iScript cDNA synthesis kitterminal maturation. The fact that expression of tran-
(Biorad, Hercules, CA). The amount of amplicon generated duringscription factors shown to act earlier during NK cell
the PCR was monitored by using an Applied Biosystems 7700 (Ap-development (i.e., Ets1, MEF, and IRF-2) is normal in
plied Biosystems, Foster City, CA) apparatus. In some cases, athe absence of T-bet suggests strongly that T-bet acts
specific probe labeled with both a reporter and a quencher dye
later and possibly downstream of these factors as part was added into the Taqman PCR mix (Applied Biosystems) at the
of a developmental cascade of transcription factors. beginning of the reaction. The sequences of the primers and Taq-
man probes used in this study have been published (Erlebacher etThis notion is supported by our observation that T-bet
al., 2002; Gapin et al., 2001; Grogan et al., 2001) or are as follows:expression occurs maximally at late stages of both NK
mPerforin F, 5	-AAGGTAGCCAATTTTGCAGC-3	; mPerforin R,and V14i NKT development. The expression of Eomes
5	-GGTTTTTGTACCAGGCGAAA-3	; mGranzymeB F, 5	-TACTGCTGAin NK cells but not in V14i NKT cells points to a coopera-
CCTTGTCTCTG-3	; mGranzyme B R, 5	-GATCCTTGATCGAAAGTA
tive and partially redundant relationship between T-bet AGG-3	; mRunx1 F, 5	-TCAACGACCTCAGGTTTGTCG-3	; mRunx1 R,
and Eomes in NK cell effector function and possibly 5	-GCGGATTTGTAAAGACGGTGA-3	; mRunx1 FAM probe, 5	-CGG
AGCGGTAGAGGCAAGAGCTTCA-3	; IL-27 EBI3 F, 5	-ACCCATTdevelopment. Studies on the interactions between the
GAAGCCACGACTT-3	; IL-27 EBI3 R, 5	-AGTATTGCATCCAGGTGTtranscription factors expressed during the development
CAGGT-3	; IL-27 p28 F, 5	-GGCCATGAGGCTGGATCTC-3	; IL-27of these lineages should provide further insight into the
p28 R, 5	-AACATTTGAATCCTGCAGCCA-3	.mechanisms in operation during these processes.
BM Chimeras and BM Retrovirus Infections
Experimental Procedures For normal BM transfer experiments, recipient mice were irradiated
with 600–800 rads 3 hr before procedure. BM cells were harvested
Mice aseptically from the tibia and femurs of donor mice, and 2 
 106
T-bet/ mice generated as described (Szabo et al., 2002) were cells were injected intravenously in the recipients. For retroviral
backcrossed eight generations to C57BL/6. WT C57BL/6, Ly5.1 con- infections, BM cells were harvested from donor mice 5 days after
genic C57BL/6 WT, IFN-/, IFN-R/, STAT1/, and STAT4/ they received an intraperitoneal injection of 5 mg 5-fluorouracil
mice were purchased from Jackson Laboratories. Rag2/c/mice (Sigma) in Dulbecco’s PBS (Gibco/BRL). The cells were cultured for
were purchased from Taconic Farms. Mice were housed in a specific 4 days at a density of 2 
 106 cells/ml with 20 ng/ml rmIL-3, 50 ng/
pathogen-free barrier unit at the Harvard School of Public Health ml rmIL-6 and 50 ng/ml rmSCF (Peprotech, Rocky Hill, NJ) in DMEM
and the University of Colorado Health Sciences Center. Handling containing 10% FCS. After 48 and 72 hr, the cells were spin infected
of mice and experimental procedures were in accordance with insti- with control and T-bet-expressing retroviruses generated as de-
tutional requirements for animal care and use. scribed (Szabo et al., 2000). After infections, the supernatant was
removed and replaced with fresh media containing cytokines. Re-
cipient mice were irradiated with 600 rads and were then injectedFlow Cytometry and Cytokine Assays
Cells were stained with GalCer/CD1d tetramers as described (Mat- with 1 
106 infected BM cells. In all cases, irradiated mice were
maintained on trimethaprim-sulphamethoxazole treated water insuda et al., 2000). mAbs used in this study for flow cytometry include
fluorescein isothiocyanate (FITC) and phycoerythrin (PE)-labeled sterile cages for 6 weeks before analysis.
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In Vitro Culture and Retrovirus Infections Statistics
Data were analyzed using Microsoft Excel software utilizing theNK cells purified by DX5 MACS or by sorting were cultured in com-
plete RPMI media containing 10% FCS. rmIL-12, rmIL-18, rmIL-15, two-tailed Student’s t test. The null hypothesis was rejected, and
differences were assumed to be significant with a p value  0.05.rmIFN-, and rmIFN- were purchased from R&D Systems and used
at the following final doses: IL-12, 10 ng/ml; IL-18, 10 ng/ml; IL-15,
50 ng/ml; IFN-, 10 ng/ml; and IFN-, 20 U/ml. For stimulation of Acknowledgments
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tion of V14i NKT cells with retrovirus, freshly isolated thymocytes thoughtful review of the manuscript by Drs. Adrian Erlebacher, Gra-
from T-bet/ mice were depleted of CD8 cells and cultured with ham Lord, Kerri Mowen, and Neal Iwakoshi. This work was sup-
rmIL-7 (10 ng/ml) for 4 days. The cells were then spin infected with ported by a grant from the Juvenile Diabetes Research Foundation
control or T-bet-expressing retroviruses generated as above. After (L.H.G.), National Institutes of Health grants AI48126 (L.H.G.) and
a further 4 days of culture in rmIL-7, the cells were examined using CA41268 (C.A.B.), a Faculty Research Award of the Howard Hughes
flow cytometry. Medical Institute, start-up funds from the Integrated Department of
Immunology at the University of Colorado Health Science Center,
National Jewish Medical and Research Center (L.G.), the NIHNK Cell Killing Assay
(CA09681), and Leukemia and Lymphoma Society Special Fellow-NK cell-mediated lysis was measured as release of radioactive iso-
ships (A.S.W.). Support was also provided by postdoctoral fellow-tope from YAC-1 target cells labeled with sodium chromate (51Cr)
ships from the Cancer Research Institute (M.J.T.), NIH NRSA 5 T32following incubation with effector leukocytes with or without stimu-
AI00048 (J.M.), and an NIH MARC fellowship GM20760 (R.S.).latory cytokines. Spontaneous release was less than 15% of maxi-
mum release. Percent specific lysis was calculated as 100 
 (cpm
test sample  cpm spontaneous release)/(cpm total release  cpm Received: December 2, 2003
spontaneous release). Revised: February 9, 2004
Accepted: March 2, 2004
Published: April 20, 2004MCMV Infection
Specific pathogen-free C57BL/6 immunocompetent mice were pur-
Referenceschased from Jackson Laboratories (Bar Harbor, ME) or bred from
these mice at Brown University. T-bet-deficient mice were shipped
Afkarian, M., Sedy, J.R., Yang, J., Jacobson, N.G., Cereb, N., Yang,from the Harvard School of Public Health and housed at Brown
S.Y., Murphy, T.L., and Murphy, K.M. (2002). T-bet is a STAT1-University for 1 week prior to use. All mice were 9 to 10 weeks in
induced regulator of IL-12R expression in naive CD4 T cells. Nat.age. Mice were infected i.p. with 5 
 104 PFU of Smith strain murine
Immunol. 3, 549–557.cytomegalovirus and extracted from salivary glands as described
(Nguyen et al., 2002). Animals were anesthetized at the indicated Arase, H., Mocarski, E.S., Campbell, A.E., Hill, A.B., and Lanier,
times, and blood was collected via the retroorbital route for prepara- L.L. (2002). Direct recognition of cytomegalovirus by activating and
tion of serum samples. Mice were sacrificed, and spleens and livers inhibitory NK cell receptors. Science 296, 1323–1326.
harvested. Splenic leukocytes were obtained using established pro- Barton, K., Muthusamy, N., Fischer, C., Ting, C.N., Walunas, T.L.,
tocols (Nguyen et al., 2002). Viable cell yields were determined by Lanier, L.L., and Leiden, J.M. (1998). The Ets-1 transcription factor
trypan blue exclusion. Serum IFN- levels were determined by stan- is required for the development of natural killer cells in mice. Immu-
dard sandwich ELISA as was previously described (Nguyen et al., nity 9, 555–563.
2002). For ELISAs, limits of detection varied between experiments
Bendelac, A., Rivera, M.N., Park, S.H., and Roark, J.H. (1997). Mousebut always were less than 20 pg/ml. Colorimetric changes of enzyme
CD1-specific NK1 T cells: development, specificity, and function.substrates were detected using a SpectraMax 250 reader (Molecular
Annu. Rev. Immunol. 15, 535–562.Devices, Sunnyvale, CA). To determine MCMV viral titers, serial
Benlagha, K., Kyin, T., Beavis, A., Teyton, L., and Bendelac, A. (2002).dilutions of organ homogenates were added to monolayers of NIH
A thymic precursor to the NK T cell lineage. Science 296, 553–555.3T3 fibroblast cells (Pien et al., 2000). After 1 week, cells were fixed
with 10% buffered formalin. Plaques were visualized with 0.1% crys- Biron, C.A., Nguyen, K.B., Pien, G.C., Cousens, L.P., and Salazar-
tal violet and quantitated as log PFU per gram tissue. MCMV stan- Mather, T.P. (1999). Natural killer cells in antiviral defense: function
dards and negative controls were included in each assay. and regulation by innate cytokines. Annu. Rev. Immunol. 17,
189–220.
Chromatin Immunoprecipitation and CpG Island Boggs, S.S., Trevisan, M., Patrene, K., and Geogopoulos, K. (1998).
Microarray Analysis Lack of natural killer cell precursors in fetal liver of Ikaros knockout
Procedures were carried out essentially as previously described mutant mice. Nat. Immun. 16, 137–145.
(Weinmann and Farnham, 2002; Weinmann et al., 2002). In brief,
Chen, Y.H., Chiu, N.M., Mandal, M., Wang, N., and Wang, C.R. (1997).
chromatin samples were prepared from the human YT NK cell line.
Impaired NK1 T cell development and early IL-4 production in CD1-
The monoclonal mouse anti-T-bet (human and mouse) antibody
deficient mice. Immunity 6, 459–467.
3-9D was utilized for these studies (Szabo et al., 2000). Immunopre-
Colucci, F., Samson, S.I., DeKoter, R.P., Lantz, O., Singh, H., andcipitated chromatin was sheared to an average length of 1–3 kb,
Di Santo, J.P. (2001). Differential requirement for the transcriptionand hybridized to a microarray containing 7776 human CpG island
factor PU.1 in the generation of natural killer cells versus B andclones. Positive clones were confirmed by chromatin immunopre-
T cells. Blood 97, 2625–2632.cipitation from the YT cells or from IL-2-expanded, IL-12- and IL-18-
activated murine WT and T-bet/ LAK cells using the 3-9D antibody, Colucci, F., Schweighoffer, E., Tomasello, E., Turner, M., Ortaldo,
J.R., Vivier, E., Tybulewicz, V.L., and Di Santo, J.P. (2002). Naturalfollowed by PCR against300 bp of the proximal promoter for each
gene. No signal above background was detected in chromatin from cytotoxicity uncoupled from the Syk and ZAP-70 intracellular ki-
nases. Nat. Immunol. 3, 288–294.no-antibody control samples or T-bet/ samples.
T-bet Regulates NK and NKT Maturation
493
Colucci, F., Caligiuri, M.A., and Di Santo, J.P. (2003). What does it gene expression and the development of natural killer and NK-T
cells. Immunity 17, 437–449.take to make a natural killer? Nat. Rev. Immunol. 3, 413–425.
Lauwerys, B.R., Renauld, J.C., and Houssiau, F.A. (1999). SynergisticDalton, D.K., Pitts-Meek, S., Keshav, S., Figari, I.S., Bradley, A., and
proliferation and activation of natural killer cells by interleukin 12Stewart, T.A. (1993). Multiple defects of immune cell function in mice
and interleukin 18. Cytokine 11, 822–830.with disrupted interferon- genes. Science 259, 1739–1742.
Lian, R.H., and Kumar, V. (2002). Murine natural killer cell progenitorsElagib, K.E., Racke, F.K., Mogass, M., Khetawat, R., Delehanty, L.L.,
and their requirements for development. Semin. Immunol. 14,and Goldfarb, A.N. (2003). RUNX1 and GATA-1 coexpression and
453–460.cooperation in megakaryocytic differentiation. Blood 101, 4333–
4341. Lighvani, A.A., Frucht, D.M., Jankovic, D., Yamane, H., Aliberti, J.,
Hissong, B.D., Nguyen, B.V., Gadina, M., Sher, A., Paul, W.E., andErlebacher, A., Lukens, A.K., and Glimcher, L.H. (2002). Intrinsic
O’Shea, J.J. (2001). T-bet is rapidly induced by interferon- insusceptibility of mouse trophoblasts to natural killer cell-mediated
lymphoid and myeloid cells. Proc. Natl. Acad. Sci. USA 98, 15137–attack in vivo. Proc. Natl. Acad. Sci. USA 99, 16940–16945.
15142.Faure, M., Barber, D.F., Takahashi, S.M., Jin, T., and Long, E.O.
Lodolce, J., Burkett, P., Koka, R., Boone, D., Chien, M., Chan, F.,(2003). Spontaneous clustering and tyrosine phosphorylation of NK
Madonia, M., Chai, S., and Ma, A. (2002). Interleukin-15 and thecell inhibitory receptor induced by ligand binding. J. Immunol.
regulation of lymphoid homeostasis. Mol. Immunol. 39, 537–544.170, 6107–6114.
Lohoff, M., Duncan, G.S., Ferrick, D., Mittrucker, H.W., Bischof, S.,Gadue, P., and Stein, P.L. (2002). NK T cell precursors exhibit differ-
Prechtl, S., Rollinghoff, M., Schmitt, E., Pahl, A., and Mak, T.W.ential cytokine regulation and require Itk for efficient maturation. J.
(2000). Deficiency in the transcription factor interferon regulatoryImmunol. 169, 2397–2406.
factor (IRF)-2 leads to severely compromised development of natural
Gapin, L., Matsuda, J.L., Surh, C.D., and Kronenberg, M. (2001).
killer and T helper type 1 cells. J. Exp. Med. 192, 325–336.
NKT cells derive from double-positive thymocytes that are positively
Lugo-Villarino, G., Maldonado-Lopez, R., Possemato, R., Pena-selected by CD1d. Nat. Immunol. 2, 971–978.
randa, C., and Glimcher, L.H. (2003). T-bet is required for optimal
Grogan, J.L., Mohrs, M., Harmon, B., Lacy, D.A., Sedat, J.W., and
production of IFN- and antigen-specific T cell activation by den-
Locksley, R.M. (2001). Early transcription and silencing of cytokine
dritic cells. Proc. Natl. Acad. Sci. USA 100, 7749–7754.
genes underlie polarization of T helper cell subsets. Immunity 14,
Matsuda, J.L., Naidenko, O.V., Gapin, L., Nakayama, T., Taniguchi,205–215.
M., Wang, C.R., Koezuka, Y., and Kronenberg, M. (2000). Tracking
Hayashi, K., Abe, N., Watanabe, T., Obinata, M., Ito, M., Sato, T., the response of natural killer T cells to a glycolipid antigen using
Habu, S., and Satake, M. (2001). Overexpression of AML1 transcrip- CD1d tetramers. J. Exp. Med. 192, 741–754.
tion factor drives thymocytes into the CD8 single-positive lineage.
Matsuda, J.L., Gapin, L., Sidobre, S., Kieper, W.C., Tan, J.T.,J. Immunol. 167, 4957–4965.
Ceredig, R., Surh, C.D., and Kronenberg, M. (2002). Homeostasis of
Helms, C., Cao, L., Krueger, J.G., Wijsman, E.M., Chamian, F., Gor- V14i NKT cells. Nat. Immunol. 3, 966–974.
don, D., Heffernan, M., Daw, J.A., Robarge, J., Ott, J., et al. (2003).
Mendiratta, S.K., Martin, W.D., Hong, S., Boesteanu, A., Joyce, S.,A putative RUNX1 binding site variant between SLC9A3R1 and NAT9
and Van Kaer, L. (1997). CD1d1 mutant mice are deficient in naturalis associated with susceptibility to psoriasis. Nat. Genet. 35,
T cells that promptly produce IL-4. Immunity 6, 469–477.349–356.
Minagawa, M., Watanabe, H., Miyaji, C., Tomiyama, K., Shimura, H.,Ho, I.C., and Glimcher, L.H. (2002). Transcription: tantalizing times
Ito, A., Ito, M., Domen, J., Weissman, I.L., and Kawai, K. (2002).for T cells. Cell Suppl. 109, S109–S120.
Enforced expression of Bcl-2 restores the number of NK cells, but
Ho, E.L., Carayannopoulos, L.N., Poursine-Laurent, J., Kinder, J., does not rescue the impaired development of NKT cells or intraepi-
Plougastel, B., Smith, H.R., and Yokoyama, W.M. (2002). Costimula- thelial lymphocytes, in IL-2/IL-15 receptor -chain-deficient mice.
tion of multiple NK cell activation receptors by NKG2D. J. Immunol. J. Immunol. 169, 4153–4160.
169, 3667–3675.
Nakamura, M.C., Hayashi, S., Niemi, E.C., Ryan, J.C., and Seaman,
Idris, A.H., Smith, H.R., Mason, L.H., Ortaldo, J.R., Scalzo, A.A., and W.E. (2000). Activating Ly-49D and inhibitory Ly-49A natural killer
Yokoyama, W.M. (1999). The natural killer gene complex genetic cell receptors demonstrate distinct requirements for interaction with
locus Chok encodes Ly-49D, a target recognition receptor that acti- H2-D(d). J. Exp. Med. 192, 447–454.
vates natural killing. Proc. Natl. Acad. Sci. USA 96, 6330–6335.
Nguyen, K.B., Salazar-Mather, T.P., Dalod, M.Y., Van Deusen, J.B.,
Jamieson, A.M., Diefenbach, A., McMahon, C.W., Xiong, N., Carlyle, Wei, X.Q., Liew, F.Y., Caligiuri, M.A., Durbin, J.E., and Biron, C.A.
J.R., and Raulet, D.H. (2002). The role of the NKG2D immunoreceptor (2002). Coordinated and distinct roles for IFN-, IL-12, and IL-
in immune cell activation and natural killing. Immunity 17, 19–29. 15 regulation of NK cell responses to viral infection. J. Immunol.
169, 4279–4287.Kagi, D., Ledermann, B., Burki, K., Seiler, P., Odermatt, B., Olsen,
K.J., Podack, E.R., Zinkernagel, R.M., and Hengartner, H. (1994). Ogasawara, K., Hida, S., Azimi, N., Tagaya, Y., Sato, T., Yokochi-
Cytotoxicity mediated by T cells and natural killer cells is greatly Fukuda, T., Waldmann, T.A., Taniguchi, T., and Taki, S. (1998). Re-
impaired in perforin-deficient mice. Nature 369, 31–37. quirement for IRF-1 in the microenvironment supporting develop-
ment of natural killer cells. Nature 391, 700–703.Kennedy, M.K., Glaccum, M., Brown, S.N., Butz, E.A., Viney, J.L.,
Embers, M., Matsuki, N., Charrier, K., Sedger, L., Willis, C.R., et al. Ogasawara, K., Hamerman, J.A., Hsin, H., Chikuma, S., Bour-Jordan,
(2000). Reversible defects in natural killer and memory CD8 T cell H., Chen, T., Pertel, T., Carnaud, C., Bluestone, J.A., and Lanier,
lineages in interleukin 15-deficient mice. J. Exp. Med. 191, 771–780. L.L. (2003). Impairment of NK cell function by NKG2D modulation
in NOD mice. Immunity 18, 41–51.Kim, S., Iizuka, K., Kang, H.S., Dokun, A., French, A.R., Greco, S.,
and Yokoyama, W.M. (2002). In vivo developmental stages in murine Ortaldo, J.R., and Young, H.A. (2003). Expression of IFN- upon
natural killer cell maturation. Nat. Immunol. 3, 523–528. triggering of activating Ly49D NK receptors in vitro and in vivo:
costimulation with IL-12 or IL-18 overrides inhibitory receptors. J.Koka, R., Burkett, P.R., Chien, M., Chai, S., Chan, F., Lodolce, J.P.,
Immunol. 170, 1763–1769.Boone, D.L., and Ma, A. (2003). Interleukin (IL)-15R-deficient natu-
ral killer cells survive in normal but not IL-15R-deficient mice. J. Ortaldo, J.R., Bere, E.W., Hodge, D., and Young, H.A. (2001). Activat-
Exp. Med. 197, 977–984. ing Ly-49 NK receptors: central role in cytokine and chemokine
production. J. Immunol. 166, 4994–4999.Kronenberg, M., and Gapin, L. (2002). The unconventional lifestyle
of NKT cells. Nat. Rev. Immunol. 2, 557–568. Ostberg, J.R., Barth, R.K., and Frelinger, J.G. (1998). The Roman
god Janus: a paradigm for the function of CD43. Immunol. TodayLacorazza, H.D., Miyazaki, Y., Di Cristofano, A., Deblasio, A., Hedvat,
19, 546–550.C., Zhang, J., Cordon-Cardo, C., Mao, S., Pandolfi, P.P., and Nimer,
S.D. (2002). The ETS protein MEF plays a critical role in perforin Pardo, J., Balkow, S., Anel, A., and Simon, M.M. (2002). Granzymes
Immunity
494
are essential for natural killer cell-mediated and perf-facilitated tu- Runx proteins in CD4 repression and epigenetic silencing during T
lymphocyte development. Cell 111, 621–633.mor control. Eur. J. Immunol. 32, 2881–2887.
Tay, C.H., Yu, L.Y., Kumar, V., Mason, L., Ortaldo, J.R., and Welsh,Pearce, E.L., Mullen, A.C., Martins, G.A., Krawczyk, C.M., Hutchins,
R.M. (1999). The role of LY49 NK cell subsets in the regulation ofA.S., Zediak, V.P., Banica, M., DiCioccio, C.B., Gross, D.A., Mao,
murine cytomegalovirus infections. J. Immunol. 162, 718–726.C.A., et al. (2003). Control of effector CD8 T cell function by the
transcription factor Eomesodermin. Science 302, 1041–1043. Telfer, J.C., and Rothenberg, E.V. (2001). Expression and function
of a stem cell promoter for the murine CBF2 gene: distinct rolesPellicci, D.G., Hammond, K.J.L., Uldrich, A.P., Baxter, A., Smyth,
and regulation in natural killer and T cell development. Dev. Biol.M.J., and Godfrey, D.I. (2002). NKT cells develop through a thymus-
229, 363–382.dependent NK1.12CD4 CD1d-dependent precursor stage. J. Exp.
Med. 195, 835–844. Tokuhiro, S., Yamada, R., Chang, X., Suzuki, A., Kochi, Y., Sawada,
T., Suzuki, M., Nagasaki, M., Ohtsuki, M., Ono, M., et al. (2003). AnPeng, S.L., Szabo, S.J., and Glimcher, L.H. (2002). T-bet regulates
intronic SNP in a RUNX1 binding site of SLC22A4, encoding anIgG class switching and pathogenic autoantibody production. Proc.
organic cation transporter, is associated with rheumatoid arthritis.Natl. Acad. Sci. USA 99, 5545–5550.
Nat. Genet. 35, 341–348.Pien, G.C., Satoskar, A.R., Takeda, K., Akira, S., and Biron, C.A.
Walunas, T.L., Wang, B., Wang, C.R., and Leiden, J.M. (2000). Cut-(2000). Cutting edge: selective IL-18 requirements for induction of
ting edge: the Ets1 transcription factor is required for the develop-compartmental IFN- responses during viral infection. J. Immunol.
ment of NK T cells in mice. J. Immunol. 164, 2857–2860.165, 4787–4791.
Wang, J.H., Nichogiannopoulou, A., Wu, L., Sun, L., Sharpe, A.H.,Porter, J.C., and Hogg, N. (1998). Integrins take partners: cross-talk
Bigby, M., and Georgopoulos, K. (1996). Selective defects in thebetween integrins and other membrane receptors. Trends Cell Biol.
development of the fetal and adult lymphoid system in mice with8, 390–396.
an Ikaros null mutation. Immunity 5, 537–549.
Ranson, T., Vosshenrich, C.A., Corcuff, E., Richard, O., Laloux, V.,
Weinmann, A.S., and Farnham, P.J. (2002). Identification of unknownLehuen, A., and Di Santo, J.P. (2003a). IL-15 availability conditions
target genes of human transcription factors using chromatin immu-homeostasis of peripheral natural killer T cells. Proc. Natl. Acad.
noprecipitation. Methods 26, 37–47.Sci. USA 100, 2663–2668.
Weinmann, A.S., Yan, P.S., Oberley, M.J., Huang, T.H., and Farnham,Ranson, T., Vosshenrich, C.A., Corcuff, E., Richard, O., Muller, W.,
P.J. (2002). Isolating human transcription factor targets by couplingand Di Santo, J.P. (2003b). IL-15 is an essential mediator of periph-
chromatin immunoprecipitation and CpG island microarray analysis.eral NK-cell homeostasis. Blood 101, 4887–4893.
Genes Dev. 16, 235–244.
Raulet, D.H. (2003). Roles of the NKG2D immunoreceptor and its
Wilson, V., and Conlon, F.L. (2002). The T-box family. Genome Biol.ligands. Nat. Rev. Immunol. 3, 781–790.
3, http://genomebiology.com/2002/3/6/REVIEWS/3008.
Riteau, B., Barber, D.F., and Long, E.O. (2003). Vav1 phosphorylation
Yin, Z., Chen, C., Szabo, S.J., Glimcher, L.H., Ray, A., and Craft, J.
is induced by 2 integrin engagement on natural killer cells upstream
(2002). T-Bet expression and failure of GATA-3 cross-regulation lead
of actin cytoskeleton and lipid raft reorganization. J. Exp. Med.
to default production of IFN- by  T cells. J. Immunol. 168, 1566–
198, 469–474.
1571.
Rosmaraki, E.E., Douagi, I., Roth, C., Colucci, F., Cumano, A., and Yokota, Y., Mansouri, A., Mori, S., Sugawara, S., Adachi, S., Nishi-
Di Santo, J.P. (2001). Identification of committed NK cell progenitors kawa, S., and Gruss, P. (1999). Development of peripheral lymphoid
in adult murine bone marrow. Eur. J. Immunol. 31, 1900–1909. organs and natural killer cells depends on the helix-loop-helix inhibi-
Samson, S.I., Richard, O., Tavian, M., Ranson, T., Vosshenrich, C.A., tor Id2. Nature 397, 702–706.
Colucci, F., Buer, J., Grosveld, F., Godin, I., and Di Santo, J.P. (2003). Yokoyama, W.M., Kim, S., and French, A.R. (2003). The dynamic life
GATA-3 promotes maturation, IFN- production, and liver-specific of natural killer cells. Annu. Rev. Immunol. 22, 703–711.
homing of NK cells. Immunity 19, 701–711.
Ziegler, S.F., Ramsdell, F., and Alderson, M.R. (1994). The activation
Seaman, W.E. (2000). Natural killer cells and natural killer T cells. antigen CD69. Stem Cells 12, 456–465.
Arthritis Rheum. 43, 1204–1217.
Smiley, S.T., Kaplan, M.H., and Grusby, M.J. (1997). Immunoglobulin
E production in the absence of interleukin-4-secreting CD1-depen-
dent cells. Science 275, 977–979.
Stetson, D.B., Mohrs, M., Reinhardt, R.L., Baron, J.L., Wang, Z.E.,
Gapin, L., Kronenberg, M., and Locksley, R.M. (2003). Constitutive
cytokine mRNAs mark natural killer (NK) and NK T cells poised for
rapid effector function. J. Exp. Med. 198, 1069–1076.
Sullivan, B.M., Juedes, A., Szabo, S.J., von Herrath, M., and
Glimcher, L.H. (2003). Antigen-driven effector CD8 T cell function
regulated by T-bet. Proc. Natl. Acad. Sci. USA 100, 15818–15823.
Szabo, S.J., Kim, S.T., Costa, G.L., Zhang, X., Fathman, C.G., and
Glimcher, L.H. (2000). A novel transcription factor, T-bet, directs
Th1 lineage commitment. Cell 100, 655–669.
Szabo, S.J., Sullivan, B.M., Stemmann, C., Satoskar, A.R., Sleckman,
B.P., and Glimcher, L.H. (2002). Distinct effects of T-bet in TH1
lineage commitment and IFN- production in CD4 and CD8 T cells.
Science 295, 338–342.
Szabo, S.J., Sullivan, B.M., Peng, S.L., and Glimcher, L.H. (2003).
Molecular mechanisms regulating Th1 immune responses. Annu.
Rev. Immunol. 21, 713–758.
Takeda, A., Hamano, S., Yamanaka, A., Hanada, T., Ishibashi, T.,
Mak, T.W., Yoshimura, A., and Yoshida, H. (2003). Cutting edge: role
of IL-27/WSX-1 signaling for induction of T-bet through activation of
STAT1 during initial Th1 commitment. J. Immunol. 170, 4886–4890.
Taniuchi, I., Osato, M., Egawa, T., Sunshine, M.J., Bae, S.C., Komori,
T., Ito, Y., and Littman, D.R. (2002). Differential requirements for
